ABSTRACT Photoelectrochemical (PEC) water splitting is a promising approach to producing H 2 and O 2 . Hematite (α-Fe 2 O 3 ) is considered one of the most promising photoelectrodes for PEC water splitting, due to its good photochemical stability, non-toxicity, abundance in earth, and suitable bandgap (E g~2 .1 eV). However, the PEC water splitting efficiency of hematite is severely hampered by its short hole diffusion length (2-4 nm), poor conductivity, and ultrafast recombination of photogenerated carriers (about 10 ps 
INTRODUCTION
Energy and pollution problems have attracted more and more attention in modern society. It is necessary and unavoidable to adjust the energy structure by replacing traditional fossil energy with renewable energy. Photo-performances, an effective and scalable preparation method to integrate several strategies is yet to be developed.
Ion implantation has been a typical surface modification technology to tune the electronic properties of semiconductor materials in industry for decades [29] . By accurately controlling the acceleration voltage and implantation dosage, we can uniformly and precisely dope various kinds of materials with heteroatoms to change their electrical and mechanical surface properties. In our previous work, we used ion implantation to fabricate Ndoped TiO 2 and realized high-efficiency visible light PEC water splitting [30] .
Herein, we report a novel and effective method that improves the PEC water splitting performance of hematite by Au ion implantation and the following hightemperature annealing treatments. Based on a series of characterization and analyses, we have found Fe 2+ species and Au particles were formed at Au-implanted hematite. Fe 2+ species and tightly attached Au particles led to a remarkable improvement of photoinduced charge separation and charge injection efficiency. The charge injection efficiency was greatly increased from 2% (pristine Fe 2 O 3 ) to 89% (optimized Au-implanted hematite) at 1.5 V vs. reversible hydrogen electrode (RHE). Therefore, the photocurrent density was enhanced by nearly 300 times, and the incident photon-to-current conversion efficiency (IPCE) of optimized Au-implanted hematite can reach 25.8% at 350 nm, which is much higher than the IPCE value of pristine Fe 2 O 3 (0.57%). In addition, Auimplanted Fe 2 O 3 photoelectrode exhibited excellent stability in the 8-hour PEC testing.
EXPERIMENTAL SECTION

Preparation of Fe 2 O 3 and Au-implanted Fe 2 O 3
Akageneite (β-FeOOH) was first grown on a fluorinedoped tin oxide glass (FTO) using a reported hydrothermal method [31] . In a typical experiment, 1.378 g ferric chloride (FeCl 3 ·6H 2 O) and 2.89 g sodium nitrate (NaNO 3 ) were added to 34 mL deionized water and the mixture was magnetically stirred for 5 min. Then the aqueous solution was adjusted to pH 1.5 with HCl and further subjected to magnetic stirring for another 10 min. The precursor solution was added to a 50-mL Teflonlined stainless steel autoclave. A piece of FTO glass slide, having been washed with acetone, ethanol, and deionized water and blown dry quickly with N 2 air, was put into the autoclave where it was heated at 95°C for 4 h in an oven and naturally cooled down to ambient temperature. Then a uniform yellow layer of β-FeOOH could grow on FTO glass substrate. It was taken out and washed with deionized water and blown dry quickly with air. Subsequently, Au ions were implanted into β-FeOOH at 30 kV with different ion dosages (1×10 16 , 2.5×10 16 , 5×10 16 , 1×10 17 ions cm −2 ) by metal vapor vacuum arc (MEVVA) ion source implanter. Finally, pristine β-FeOOH and Auimplanted β-FeOOH were annealed in air at different temperatures for 2 h in a horizontal quartz-tube furnace.
Characterization of Fe 2 O 3 and Au-implanted Fe 2 O 3
The field-emission scanning electron microscopy images (FE-SEMs) were collected by JEOL S-4800 (Japan). X-ray diffraction (XRD) was carried out on Bruker AXS, D8 Advance X-ray powder diffractometer with Cu-Kα radiation (λ=0.15418 nm, Germany). Raman measurements were performed by laser confocal micro Raman spectrometers (Renishaw inVia, Renishaw, UK) with laser excited at 488 nm. X-ray photoelectron spectroscopy (XPS) measurements were done on a Thermo Scientific ESCA-LAB 250 Xi system (USA) with Al Kα (1486.6 eV) as the radiation source and all spectra were calibrated using the C 1s peak with a value of 284.8 eV. The UV-vis absorption spectra were collected by SHIMADZU UV-2550 UVvis spectrophotometer. Mossbauer spectroscopy was performed at room temperature by a RiKon-5A (Germany) proportional counter with gas mixture of 96% He and 4% CH 4 . A 57 Co in Rh matrix source with activity of 25 mCi (1 mCi=37×10 6 Bq) was used for excitation.
Photoeletrochemical measurements
PEC measurements of the hematite photoanodes were carried out in a conventional three-electrode electrochemical cell using Pt wire as the counter electrode and Ag/AgCl electrode as the reference electrode. A solution of 1.0 mol L −1 NaOH (pH 13.6) was used as the electrolyte (purged with Ar). All linear sweep voltammograms were measured by a computer-controlled electrochemical workstation (CHI 650E) under a 500 W xenon lamp with an AM 1.5 global filter at an irradiation intensity of 100 mW cm −2 . IPCE spectra were obtained by using a xenon lamp (Newport model 66902) coupled with a grating monochromator (Newport Model 74125) and a power meter (Newport model 2936-R) in the wavelength range from 300 to 650 nm at an applied potential of 1.5 V (vs. RHE). The charge separation efficiency was measured under 458 nm monochromatic light and H 2 O 2 was used as the hole scavenger in the electrolyte. The charge injection efficiency was measured by using the H 2 O 2 as the hole scavenger in the electrolyte [27] .
RESULTS AND DISCUSSION
β-FeOOH was synthesized with a hydrothermal method and conducted with Au implantation. Subsequently, the pristine β-FeOOH sample and Au ion implanted akageneite samples were annealed at 550°C in air for 2 h to be converted into hematite (Fe 2 O 3 , Au-Fe 2 O 3 -550). As shown in Fig. 1 , FE-SEM was used to characterize the morphology of pristine Fe 2 O 3 and Au-implanted Fe 2 O 3 . The pristine Fe 2 O 3 exhibits smooth and uniform nanorod morphology with a length of 650 nm (Fig. 1a-c) . After Au ion implantation and thermal annealing (Fig. 1d, e) , the surface of hematite became rougher and more compact. It can be seen clearly that the implanted Au atoms recrystallized and grew to Au particles on the surface and the gaps of hematite [32] . Meanwhile, the thickness of hematite film was reduced to about 400 nm (Fig. 1f) , which can be attributed to the fact that the surface hematite layer was sputtered by high energy implanted Au ions [33] . After annealing of Au-implanted Fe 2 O 3 at higher temperatures (at 700°C for another 15 min (AuFe 2 O 3 -700)), the surface of hematite became macrogranular (Fig. 1g, h ). Meantime, the thickness of hematite was further reduced to 360 nm due to the regrowth of hematite [34] , and the contact properties between Au particles and hematite for Au-Fe 2 O 3 -700 are better than those of the Au-Fe 2 O 3 -550 (Fig. 1e, h ). Tightly attached Au particles could serve as the charge mediator, and therefore the photogenerated carriers could efficiently and fast transport through the hematite and electrolyte. Furthermore, accompanied by the reduction of hematite thickness, the optical absorption intensities of Au-Fe 2 O 3 -550 and Au-Fe 2 O 3 -700 are weaker than the pristine Fe 2 O 3 as shown in Fig. S1 .
As illustrated in Fig. 2a ) modes of the crystalline hematite phase, which is consistent with a previous report [35] . Meanwhile, Raman spectra of Au-Fe 2 O 3 -550 and AuFe 2 O 3 -700 are same as that of pristine Fe 2 O 3 [36] , indicating that there is no phase change at Au ion implanted Fe 2 O 3 . XRD spectra results also confirmed the conclusion of Raman studies (Fig. 2b) (JCPDS 33-0664) [37] . Moreover, the XRD diffraction peak located at 38.18°(JCPDS 04-0784) indicates that the crystalline Au ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   880 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . phase was produced in Au-Fe 2 O 3 -550 and Au-Fe 2 O 3 -700. Impressively, compared with Au-Fe 2 O 3 -550, after further 700°C annealing treatment, the intensity of hematite (125) peak at 66.02°was obviously enhanced and a new Au (220) peak at 64.58°appeared in the Au-Fe 2 O 3 -700 sample. The Au (220) peak is very close to the hematite (125) peak, and the lattice mismatch between Au (220) and hematite (125) is only 3.05% [38] . Therefore, the contact properties between Au particles and hematite at Au-Fe 2 O 3 -700 are much tighter than those of Au-Fe 2 O 3 -550, which was in agreement with SEM images shown in Fig. 1e , h. The strong contact of noble metal and semiconductor would be beneficial for surface photoinduced charge separation [27, 39] . , respectively [40] . The Fe 2p 3/2 satellite peaks located at about 719 eV are also attributed to the Fe 3+ specie [41] . More importantly, the satellite peaks located at 716 eV, which can be attributed to Fe 2+ species [21] , were found in Au-Fe 2 O 3 -550 and Au-Fe 2 O 3 -700 samples, but not in pristine Fe 2 O 3 . This suggests that Fe 2+ species were produced in AuFe 2 O 3 -550 and Au-Fe 2 O 3 -700 [21, 40] . In order to further analyze the oxidation states of Fe element, Mossbauer measurement was also used to characterize the chemical states of the iron element for Au-Fe 2 O 3 -550. As shown in Fig. S3 , the spectroscopy shows a typical 6-line pattern for hematite. Meanwhile, the Fe 2+ signal was found after fitting the Mossbauer spectroscopy, which consists with the result of XPS [42, 43] . The formation of Fe 2+ species in Au-implanted hematite can be attributed to the preferential oxygen sputtering during the Au ion implantation [44] . In previous work, it was reported that moderate Fe 2+ sites could improve the conductivity of hematite and enhance the PEC performance [21, 45] . Meanwhile, the XPS Au 4f core-level spectra were also measured for pristine Fe 2 O 3 , Au-Fe 2 O 3 -550, and Au-Fe 2 O 3 -700 (Fig.  3d) . The peaks located at 83.7 and 87.3 eV are consistent with Au 0 4f 7/2 and 4f 5/2 peaks [46] . PEC measurements of the hematite photoanodes were carried out in a conventional three-electrode electrochemical cell using Pt wire as the counter electrode and Ag/AgCl electrode as the reference electrode. A 1 mol L −1 NaOH solution (pH 13.6) was used as the electrolyte. The measured potentials vs. Ag/AgCl were converted to a RHE scale according to the Nernst equation [47] : IPCE measurements were tested for pristine Fe 2 O 3 and Au-implanted samples under the potential of 1.5 V vs. RHE. IPCE values were calculated from the photocurrent densities obtained under different wavelengths in a range from 300 to 650 nm, and expressed as the following equation [17] :
where I (mA cm −2 ) is the photocurrent density, λ (nm) is the incident wavelength, and J light (mW cm −2 ) is the power density of irradiance at a specific wavelength. As shown in Fig. 3b , the total IPCE value of pristine Fe 2 O 3 is lower than 1% across the entire test range (300-650 nm), which is consistent with the negligible photocurrent density shown in Fig. 3a . Significantly, the IPCE is 4.2% for AuFe 2 O 3 -550 and 25.8% for Au-Fe 2 O 3 -700 at 350 nm. Particularly, the IPCE of Au-Fe 2 O 3 -700 still maintains more ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   882 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . than 10% in the visible light (14.1% at 420 nm).
In addition, we also investigated the effect of Au ion implantation dosage on PEC water splitting performance. As seen in Fig. 3c , the sample with the implantation dosage of 5×10 16 ions cm −2 exhibits the best PEC water splitting performance. It is considered that smaller implantation dosage resulted in fewer Au particles and Fe 2+ species, meanwhile, over-dosage implantation sputtered too much hematite, which led to degradation of overall photoactivity. We also studied the effects of different annealing temperatures on the PEC performance of Auimplanted Fe 2 O 3 samples (Fig. S4) . Results suggest the lower temperature annealing process (at 350 and 450°C) exhibited poor PEC water splitting performance, because lower temperature annealing cannot well repair the lattice damage caused by Au ion implantation. Finally, we tested I-t curves of Au-Fe 2 O 3 -700 for 8-hour (Fig. 3d) , and impressively, the photocurrent density remained stable, indicating the excellent stability of Au-Fe 2 O 3 -700 sample.
To find out the enhancement mechanism of Au-implanted Fe 2 O 3 , electrochemical impedance spectroscopy (EIS) was tested firstly for pristine Fe 2 O 3 , Au-Fe 2 O 3 -550, and Au-Fe 2 O 3 -700 at the potential 1.5 V vs. RHE (Fig. 4a) . The Nyquist diagram of each sample shows an apparent semicircle, which is mainly associated with charge transfer resistance (R ct ). R ct values were fitted by a simple Randle circuit model shown in the inset of Fig. 4a . R ct values of Au-Fe 2 O 3 -550 and Au-Fe 2 O 3 -700 (Fig. 4d) are much smaller than that of pristine Fe 2 O 3 , indicating that the Au-implanted samples obtained much better electrical conductivity, which can be resulted from the synergistic effects of Fe 2+ species and Au particles. To get more deeply insight into the enhancement mechanism, we measured the charge separation and charge injection efficiency using the H 2 O 2 as the hole scavenger in the electrolyte [30, 48] . The charge separation efficiency was calculated with the following equation:
where η charge separation is the charge separation efficiency of . . . . . . . . . . . . . . . . . . . . . . . . . . . 
CONCLUSIONS
In summary, we have employed Au ion implantation and following high-temperature annealing to greatly improve the PEC water splitting performance of hematite. Based on a series of characterizations and analyses, we found that the Fe 2+ species and tightly attached Au particles can significantly promote the separation and injection of photogenerated carriers. Particularly, the stronger contact between Au particles and hematite, formed at higher temperatures, can tremendously improve the charge injection efficiency to 89% at 1.5 V vs. RHE. Therefore, the photocurrent density of optimized Au-implanted Fe 2 O 3 can reach 1.16 mA cm −2 , which is significantly enhanced compared with the negligible photoresponse of pristine Fe 2 O 3 (4 μA cm −2 at 1.5 V vs. RHE). Meanwhile, Au-implanted Fe 2 O 3 photoelectrode exhibited great stability in the 8-hour PEC water splitting test without photocurrent decay. This novel and effective method also has the potential to become a general way to enhance the PEC performance of other PEC materials.
